Abstract. Studies on the molecular mechanisms underlying neuronal differentiation are frequently performed using cell lines established from neuroblastomas. In this study we have used mouse N1E-115 neuroblastoma cells that undergo neuronal differentiation in response to DMSO. During differentiation, cyclin-dependent kinase (cdk) activities decline and phosphorylation of the retinoblastoma gene product (pRb) is lost, leading to the appearance of a pRb-containing E2F DNA-binding complex. The loss of cdk2 activity is due to a decrease in cdk2 abundance whereas loss of cdk4 activity is caused by strong association with the cdk inhibitor (CKI) p27 KiP1 and concurrent loss of cdk4 phosphorylation. Moreover, neuronal differentiation can be induced by overexpression of p27 KIP1 or pRb, suggesting that inhibition of cdk activity leading to loss of pRb phosphorylation, is the major determinant for neuronal differentiation.
T HE retinoblastoma susceptibility gene, RB1, is essential for murine neurogenesis (Clarke et al., 1992; Jacks et al., 1992; Lee et al. 1992 ) and is highly expressed in cell types undergoing neuronal differentiation in vivo and in vitro (Slack et al., 1993; Kranenburg et al. 1994; Lee et al., 1994) . In RBl-deficient mouse embryos both the central and peripheral nervous systems are grossly abnormal. In regions where only postmitotic cells are found in wild-type (wt) 1 animals, many cells attempt to divide and subsequently die in Rb -/-mice (Lee et al., 1992 (Lee et al., , 1994 , suggesting that these cells require retinoblastoma gene product (pRb) for cell cycle arrest and survival. In addition, loss of RB1 affects the ability of neuronal cells to differentiate properly. These results demonstrate that pRb not only suppresses cell growth, but may also help to establish neuronal differentiation.
The molecular mechanism by which pRb inhibits cell proliferation is becoming increasingly clear, pRb inhibits the activity of proteins that function as inducers of DNA synthesis. Among these proteins are members of the E2F family of transcription factors (Hamel et al., 1992; Flemington et al., 1993; Helin et al., 1993) , and the tyrosine kinase c-Abl (Welch and Wang, 1993) . Thus, pRb constrains cell growth by preventing S-phase entry (for review see Farnham et al., 1993; LaThangue, 1994) .
The molecular mechanism(s) underlying pRb-mediated induction of terminal differentiation is less clear. During 1. Abbreviations used in this paper: bHLH, basic helix-loop-helix; cdk, cyclin-dependent kinase; PAA, polyacrylamide; PCNA, proliferating cell nuclear antigen; pRb, retinoblastoma gene product; wt, wild-type. myogenic differentiation pRb stimulates the formation of active heterodimeric transcription factors that drive muscle-specific gene expression (Gu et al., 1993) . However, additional differentiation pathways are likely to be regulated by pRb, since loss of RB1 affects the differentiation state of neurons, lens fibre cells, retina cells and cells from the cerebellar cortex (Lee et al., 1994; Morgenbesser et al., 1994; Robanus-Maandag et al., 1994; Williams et al., 1994) . Furthermore, the fact that in an Rb -/-background, p107 substitutes for pRb in the regulation of myogenesis, suggests that pRb may regulate differentiation pathways that remain unaffected in Rb -/-mice.
The activity of pRb both as a suppressor of cell growth and as an inducer of (myogenic) differentiation is impaired by phosphorylation (reviewed by Sherr, 1994; Gu et al., 1993) . During terminal differentiation of a number of cell types in vitro, underphosphorylated pRb accumulates and the hyperphosphorylated forms of pRb are lost (Chen et al., 1989; Mihara et al., 1989) . The activity of pRb kinases is therefore likely to be impaired during terminal differentiation. Cyclin D-and E-dependent kinases are thought to cooperate in the hyperphosphorylation of pRb in cycling cells (Sherr, 1994) . Indeed, during various differentiation pathways the expression levels of cyclins or cyclin-dependent kinase's (cdk) decline, resulting in loss of cdk activity Kiyokawa et al., 1994; Rao et al., 1994; Kiess et al., 1995) . The importance of cdkinactivation during terminal differentiation is illustrated by the fact that artificially sustained cdk activity through overexpression of cyclins or cdk's is sufficient to prevent differentiation Kiyokawa et al., 1994; Rao et al., 1994) . In the present study we have used the mouse N1E-115 neuroblastoma cell line as an in vitro model system for neuronal differentiation. NIE-115 cells proliferate in normal culture medium but undergo neuronal differentiation in response to DMSO, cAMP, or serum withdrawal (Kimhy et al., 1976; reviewed by De Laat and Van der Saag, 1982; Reagan et al., 1990; Larcher et al., 1992) . Upon induction of differentiation, proliferation of N1E-115 cells ceases, extensive neurite outgrowth is observed and the membranes become highly excitable (Kimhy et al., 1976; De Laat and Van der Saag, 1982) . Thus, NIE-115 cell differentiation is an excellent in vitro model system for studying neuronal differentiation. We show that both cdk2 and cdk4 activities strongly decline during neuronal differentiation albeit via different mechanisms: the abundance of cdk2 drops to undetectable levels whereas cdk4 remains present but is inactivated due to association with p27 KIm. Moreover, overproduction of p27 K~P1 or pRb efficiently induces differentiation in neuronal precursor cells, implying that down-regulation of cdk activity or overproduction of pRb is sufficient to switch from proliferation to differentiation.
Materials and Methods
Cells, Cell Culture, Transfection, and Differentiation Protocols NIE-115 mouse neuroblastoma cells (kindly provided by Dr. R. P. de Groot) were cultured in DMEM containing 2% FCS, supplemented with antibiotics. Transient transfections were performed by overnight exposure of the cells to calcium phosphate-DNA precipitates as described (van der Eb and Graham, 1980) . The cells were then washed three times with PBS and received fresh medium. Transfection efficiencies of approximately 50% are routinely obtained using this procedure on N1E-115 cells. Expression vectors for pRb (pRcCMV-Rb) and p27 KIP1 (pCMVX-p27 KIP1) were kindly provided by Drs. R. Bernards (Cancer Institute, Netherlands) and T. Hunter (The Salk Institute, La Jolla, CA), respectively.
For differentiation, cells were cultured in DMEM/FCS (2%) supplemented with 1.25% DMSO. Cell cultures were then analyzed for four consecutive days.
Western Blot Analysis
Cells were washed twice with PBS, pelleted, and lysed in ice-cold lysis buffer (50 mM Tris pH 7.4, 50 mM NaC1, 0.5% NP-40, 0.1% SDS supplemented with 1 mM phenylmethylsulfonylfluoride, 0.1 mg/ml trypsin inhibitor 0.1 mg/ml NaF, 0.1 mg/ml [~-glycerophosphate, 0.1 mg/ml Na3VO 4 and 1 mg/ml Na4P207). After 30-min incubation on ice, lysates were centrifuged and protein concentrations were determined with the Bio-Rad assay kit. 50 ~g of the cell extracts were boiled for 5 min in sample buffer and were subsequently run out on 12 or 8% SDS-polyacrylamide (PAA) gels. The proteins were blotted onto Immobilou-I (Miltipore).
First antibodies were anti-cyclin D1/D2 (polyclonal rabbit IgG; UBI, Lake Placid, NY), anti-cyclin D3 (18B6-10; Santa Cruz Biotechnology, Santa Cruz, CA), anti-cyclin E (C19; Santa Cruz), anti-cdk2 (rabbit polyclonal antiserum; Kranenburg et al., 1995) , anti-cdk4 (C22; Santa Cruz), anti-cdc2 (C17; Santa Cruz), and anti-hRb (G3-245; PharMingen, San Diego, CA). The second antibodies were horseradish peroxidase-conjugated anti-mouse, -rabbit, or -rat IgG (Jackson ImmunoResearch Labs., Inc., West Grove, PA). Signals were visualized with the Amersham ECL detection system according to the manufacturer's protocol.
Metabolic Cell Labeling
Cell cultures were rinsed in either PBS or phosphate-free medium and were labeled for 3 h with 150 ~zCi [35S]methionine or 1 mCi [32p]orthophosphate (Amersham Corp., Arlington Heights, IL). Label medium was aspirated and the cells were washed once with ice-cold PBS. Cells were then scraped in ice-cold i.p. buffer (Western lysis buffer without SDS) and left on ice for 30 min. The lysates were then cleared by centrifugation and the incorporated label was determined by liquid scintillation counting. Equal amounts of extract were then used for immunoprecipitation as described below.
Immunoprecipitation
Cells were washed with ice-cold PBS, pelleted, and lysed in ice-cold i.p. buffer. After a 30-min incubation on ice, lysates were centrifuged and protein concentrations were determined with the Bio-Rad assay kit. Labeled cell extracts were quantified by scintillation counting. 200 ~zg of cell extracts were incubated with antibody-coated protein A-Sepharose beads under constant rotation. Immunocomplexes were collected by centrifugation and were washed four times with lysis buffer. Immunocomplexes, after boiling in sample buffer, were run out on SDS-PAA gels. The [3~S] gels were incubated in PPO-DMSO and were subsequently dried. Proteins were visualized by autoradiography. When unlabeled cell extracts were used, the presence of associating proteins was analyzed by Western blotting.
Immunokinase Assays
Cdk2 was immunoprecipitated from 50 txg cell extracts as described above. The complexes were assayed for kinase activity towards histone H1 as follows. Immunocomplexes were washed three times with lysis buffer and once with kinase buffer (20 mM Tris, pH 7.4, 10 mM MgC12, 1 mM DTT). Subsequently, the beads were resuspended in 50 Ixl kinase buffer containing 2 Ixg histone H1, 10/~Ci [y-32p]ATP and 20 p.M ATP. The reaction mixtures were incubated at 30°C for 30 min. Reaction mixtures were boiled in sample buffer and run on SDS-PAA gels. Gels were stained with Coomassie blue, dried, and autoradiographed. Quantitation of the signals was performed by phosphorimaging. Cdk4 was immunoprecipitated from 200 Izg cell extracts, prepared as described (Matsushime et al., 1994) . The immunocomplexes were assayed for kinase activity towards soluble GST-Rb that was purified from bacteria. The beads were washed three times with lysis buffer and once with kinase buffer (50 mM Hepes, pH 7.4, 10 mM MgC12, 1 mM DT]?). Subsequently, the beads were resuspended in 50 izl kinase buffer containing 0.5 l-Lg GST-Rb, 10 g.Ci [-y-32p]ATP and 20 I~M ATP. Reaction mixtures were then incubated at 30°C for 1 h. Gels were stained with Coomassie blue, dried, and autoradiographed.
E2F Gel Shift
Cells were scraped in ice-cold PBS, centrifuged, and taken up in two packed cell volumes of lysis buffer (400 mM KC1, 20 mM Hepes, pH 7.6, 1.5 mM MgC12, 0.5 mM NaF, 1 mM D'IT, 1 mM PMSF, 0.1 mg/ml trypsin inhibitor, and 1 mg/ml NaVO4). Cell suspensions were frozen and subsequently thawed on ice. After centrifugation for 20 min at 13,000 rpm, the concentrations of the cell extracts were determined and 10 l.tg of extract was assayed for binding activity to a 32p-labeled double-stranded oligonucleotide (5'-ACTAGTTTCGCGCCCTYFA-3') harboring an E2F binding site. The binding reaction was performed for 30 min at room temperature in 20 izl buffer containing 50 mM KC1, 20 mM Hepes, pH 7.6, 10 mM MgCI> 10% glycerol, 0.5 mM DTF, 0.1% NP40, 2 Izg sonicated salmon sperm DNA, 1 ng of labeled oligo, supplemented with 1 mM PMSF, and 0.1 mg/ml trypsin inhibitor. DNA-protein complexes were separated on a 4% nondenaturing PAA gel and visualized by autoradiography. For supershifts the extracts were incubated for 20 min at room temperature with 1 ~g of purified IgG (anti-Rb, Ab2, or anti-PCNA, PC10; Oncogene Science, Inc., Manhasset, NY) before the binding reaction.
V8 Proteolytic Digestion
Radiolabeled proteins were excised from dried SDS-PAA gels. The slices were incubated for 10 min in the wells of the stacking gel in a buffer containing 0.1% SDS, 1 mM EDTA, 2.5 mM DTT, 0.125 M Tris, pH 6.8. The slice was subsequently overlayed with the same buffer containing 20% glycerol and 200 ng V8 protease. The gel was run for 30 min after which the power was shut off. After a 30-min incubation period the power was applied again. Normal procedures were then followed to visualize the degradation pattern.
neuroblastoma cells undergo neuronal differentiation. In the absence of DMSO these cells proliferate with a doubling time of N16 h and have a relatively small and rounded appearance (Fig. 1 A) . When cultured in the presence of DMSO, cell proliferation ceases ( Fig. 1 B) , cells flatten, enlarge, and extensive outgrowth of neurites is observed (Fig. 1 A) . As neuronal differentiation requires a pRb-mediated cell cycle arrest and pRb function is inhibited by phosphorylation, down-regulation of pRb kinase activity is likely to be of major importance in the proliferation-differentiation switch. Therefore we analyzed the regulation of cyclins, cdks, and pRb during differentiation. During differentiation, the steady-state protein level of the proliferating cell nuclear antigen (PCNA) strongly declines, confirming cessation of cell proliferation (Figs. 1 B  and 2) . Similarly, the abundance of cyclin D1 declines, whereas cyclin D2 is undetectable and the level of cyclin D3 strongly increases (Fig. 2) . The steady-state protein level of the kinase partner for D-type cyclins, cdk4, remains constant throughout the differentiation process (Fig. 2 ). In addition, the level of cyclin E remains constant, but the level of its kinase partner, cdk2, strongly declines (Fig. 2) . Concomitant with the decline in cdk2 abundance, phosphorylation of pRb is lost: in exponentially growing cells the underphosphorylated, rapidly migrating species of pRb (Fig. 2 , lower arrow) is hardly detectable, whereas two days after induction of differentiation this form of pRb is, and remains, predominant. The level of pRb does not change significantly (Fig. 2) . These results are in agreement with previous studies showing the accumulation of underphosphorylated pRb and the decrease in cdc2 and cdk2 abundance in cells undergoing neuronal differentiation in vivo and in vitro (Gaetano et al., 1991; Slack et al., 1993; Lee et al., 1994; Buchkovic and Ziff, 1994; Yan and Ziff, 1995) .
Loss of pRb Phosphorylation Leads to the Appearance of a pRb/E2F Complex
Suppression of cell growth by pRb is mediated (in part) through complex formation with E2F transcription factors, leading to their inactivation (Farnham et al., 1993; LaThangue, 1993) . We analyzed whether the loss of pRb phosphorylation in response to the differentiation signal (Fig. 2) would lead to the appearance of E2F complexes containing pRb. To this end we prepared extracts of differentiating cells and assayed these extracts for the presence of complexes that could bind to an E2F consensus site. As shown in Fig. 3 , one predominant complex is detected in extracts prepared from exponentially growing cells. However, simultaneously with the appearance of underphosphorylated pRb (Fig. 2, day 1) , a second, more slowly migrating, E2F complex is observed. To confirm the presence of pRb in the slower migrating complex we incubated the extracts with anti-pRb or control antibodies prior to the binding reaction. Fig. 3 shows that the antipRb antibody, but not the control antibody (anti-PCNA), supershifts the slower migrating complex, demonstrating the presence of pRb in this complex. Antibodies directed against cyclin D3 did not affect the migration pattern of the E2F complexes (not shown). These results show that loss of pRb phosphorylation leads to complex formation between pRb and E2Fs, presumably contributing to growth arrest. 
Inhibition of cdk2 and cdk4 Activities via Different Mechanisms
As hyperphosphorylation of pRb occurs during a burst of cyclin E-dependent cdk2 activity late in G1, cdk2 activity may be the major determinant of the pRb phosphorylation state. We therefore assayed the cdk2 kinase activity during differentiation and found that concomitant with the disappearance of hyperphosphorylated pRb and of cdk2, cdk2 activity is lost (Fig. 4) .
Although the loss of cdk2 activity may suffice in explaining the loss of pRb phosphorylation, cyclin D-dependent kinases have also been shown to induce phosphorylation of pRb (Sherr, 1994) . As shown in Fig. 2 , the cyclin D-dependent kinase cdk4 persists, and D-type cyclins (first D1, later D3) are available throughout the differentiation process. Both cyclin D1 and cyclin D3 are capable of activating cdk4 towards pRb in in vitro kinase assays and when coexpressed in the baculovirus/insect cell overexpression system Matsushime et al., 1994) . Therefore we assessed whether the D-type cyclins complex with and activate cdk4 during neuronal differentiation. Cdk4 and cyclin D1 were immunoprecipitated from extracts prepared from differentiating cells and the immunocomplexes were subsequently analyzed for coprecipitating partners by Western blotting. As shown in Fig. 5 , decreasing amounts of cdk4 coprecipitate with cyclin D1 and vice versa, demonstrating a decline in the amount of cyclin D1-cdk4 complexes. Furthermore, increasing amounts of cyclin D3 coprecipitate with cdk4 during differentiation, reflecting the increase in cyclin D3 abundance (Figs. 2 and  5 ). These results demonstrate that cdk4 is complexed to a D-type cyclin throughout the differentiation process. Apart from association to a cyclin partner, the activity of cdk4 is also determined by its phosphorylation state. Phosphorylation of cdk4 by the cdk-activating kinase (CAK) is a prerequisite for its activity . We therefore analyzed the phosphorylation state of cdk4 during differentiation by immunoprecipitating the protein from extracts prepared from 32p-labeled cells. As is shown in Fig. 6 , phosphorylation of cdk4 is strongly diminished during differentiation (top), whereas the total amount of immunoprecipitated cdk4 does not change, as determined by subsequent Western blot analysis of the same gel (bottom). The observation that CAK-mediated cdk activation is inhibited by binding of the cdk inhibitor (CKI) p27 Kwl to cyclin-cdk complexes (Kato et al. 1994a, b) prompted us to investigate whether the loss of cdk4 phosphorylation during differentiation is accompanied by increased binding of p27 raP1. Cdk4 was immunoprecipitated from extracts prepared from 35S-labeled cells. As shown in figure 7 A, a 27-kD protein associates with cdk4 in differentiated, but not in undifferentiated cells. To confirm the identity of p27 we transfected undifferentiated cells with an expression vector encoding p27 r~In and found that the trans- Figure 4 . Cdk2 kinase activity during terminal neuronal differentiation. Cdk2 immunoprecipitates isolated from extracts prepared from differentiating cells, were tested for kinase activity towards histone H1. The reaction mixtures were separated on an SDS-PAA gel and the amount of incorporated label into histone HI was subsequently analyzed by phosphorimaging. The data are represented as % of maximal activity. An autoradiogram of a representative experiment is shown in the inset. Note that the loss of activity is concomitant with the loss of cdk2 abundance and the loss of pRb phosphorylation (see Fig. 2 ). Figure 5 . Analysis of cdk4-containing complexes during differentiation. Cdk4 and cyclin DI were immunoprecipitated from extracts prepared from differentiating cells. The immunocomplexes were then analyzed for the presence of associating proteins by Western blotting as indicated. The blot containing the cyclin D1 immunocomplexes was probed for the presence of both cyclin D1 and cdk4. The amount of cyclin Dl-cdk4 complexes is clearly decreased, whereas the amount of cyclin D3-cdk4 complexes is strongly increased during differentiation. Fig. 2 ).
fected protein precisely comigrated with p27 from differentiated cells, when analyzed by eoimmunoprecipitation with cdk4 (Fig. 7 A) . Furthermore, proteolytic digestion of the two proteins with V8 protease yields indistinguishable subsequently analyzed for kinase activity towards GST-Rb (top) in an in vitro kinase assay, and for the amount of cdk4 irnmunoprecipitated by Western blotting (bottom). The experiment shows that although cdk4 is present in both extracts, it is only active when isolated from undifferentiated precursor cells. degradation patterns, confirming that p27 is p27 Kwl (Fig. 7  B) . The fact that cdk4 phosphorylation is lost and p27 KIm strongly associates to cdk4 in differentiated neurons suggests that its activity may be inhibited, despite association to cyclin D3. We therefore tested the activity of cdk4 in undifferentiated and differentiated cells in an in vitro kinase assay. Fig. 7 C (top) shows that cdk4 immunocomplexes isolated from cycling precursor cells, but not from terminally differentiated neurons, efficiently phosphorylate GST-Rb, even though the amount of immunoprecipitated cdk4 was similar, as judged by Western blotting (bottom) . From these experiments we conclude that during neuronal differentiation, the activity of cdk4 is lost, despite association to cyclin D3. Furthermore, the decline in activity is most likely due to p27Klm-mediated inhibition of cdk4 phosphorylation.
Inhibition of cdk Activity Is Sufficient to Induce Neuronal Differentiation
The above mentioned experiments show that cdk2 and cdk4 activities strongly decline and that pRb is activated when neuronal differentiation is induced. These data, together with experiments demonstrating that loss of RB1 impairs neuronal differentiation (Lee et al., 1994; Williams et al., 1994) , suggest that the neuronal proliferation-differentiation switch requires activation of pRb, presumably resulting from loss of cdk2 and cdk4 activities. This raises the question whether overproduction of pRb, or inhibition of cdk activity, would be sufficient to induce neuronal differentiation. We chose to address this question by transfecting neuronal precursor cells with expression vectors for pRb or the cdk2/cdk4-inhibitor p27 ~lm (Toyoshima and Hunter, 1994) , together with a lacZ expression vector as transfection marker. Analysis of DNA synthesis in the transfected (blue) cells showed that pCMV-Rb and pCMV-p27, but not the control vector, efficiently inhibited N1E-115 cell cycle progression (not shown). Four days after transfection, cells were stained for 13-gal activity and the morphology of transfected (blue) cells was examined microscopically. As shown in Fig. 1 A, differentiated cells are easily distinguishable from undifferentiated cells. Fig. 8 A shows that transfection of neuronal precursor cells with expression vectors for pRb or p27 ram, but not with the control vector, efficiently stimulated differentiation. Up to 48% of the transfected ceils showed a fully differentiated phenotype as characterized by cell flattening, enlargement, and extensive outgrowth of neurites (Fig. 8, A and B). Expression of pRb was determined by Western blot analysis (Fig. 8 C) and expression of p27 KIm was confirmed by coimmunoprecipitation with cdk4 (not shown, see also Fig. 7 A) . The anti-pRb Western also shows that the underphosphorylated forms of pRb are readily detectable in cells transfected with pRb or p27 Kxm, but not in cells transfected with the control vector, demonstrating that overproduction of either pRb or p27 KfPt yields active pRb in these cell populations (Fig. 8 C) . Moreover, transfection of pRb or p27 KIP1 expression plasmids into NIE-115 cells greatly enhanced the expression of cyclin D3, which is, as shown in Fig. 2 , confined to differentiated neurons (Fig. 8 C) . These results demonstrate that overproduction of pRb, or inhibition of cdk activity by over- production of p27 KIP1, is sufficient to induce neuronal differentiation.
Discussion
The close correlation between cell growth and the phosphorylation state of pRb was noted several years ago (Buchkovic et al., 1989; Chen et al., 1989; Mihara et al., 1989) . The loss of pRb phosphorylation in non-proliferating cells correlates with loss of activity of the pRb kinases cdk2 and cdk4 (Dulic et al., 1993; Ewen et al., 1993; Koff et al., 1993; Kato et al., 1994b; Kiyokawa et al., 1994; Polyak et al., 1994b; Rao et al., 1994; Kiess et al., 1995) . In the present study we have demonstrated that during neuronal differentiation both cdk2 and cdk4 activities decline. However, inactivation of these kinases was found to occur through different mechanisms. Cdk2 activity is lost simply because of a strong decline in steady-state levels of cdk2 protein, whereas cdk4 activity is regulated in a more complex way. Phosphorylation of cdk4 is lost, possibly mediated by p27 Ktel. It has recently been reported that, during a cAMP-induced growth arrest of murine macrophages, cdk4 activation by C A K is inhibited by association of p27 KIP1 to the kinase complex (Kato et al., 1994b) . Interestingly, N1E-115 cells differentiate in response to elevated cAMP levels and it has been shown that cAMP levels rise in response to D M S O treatment of these cells (Reagan et al., 1990) . Thus, during DMSO-induced differentiation cAMP may mediate the induction of p27 K~P1-binding to cdk4, leading to loss of cdk4 phosphorylation and activity, p27 KIP1 may also directly inhibit the activity of CAK-phosphorylated cdk4 (Polyak et al. 1994a, b) . In addition to an increase in intracellular cAMP levels DMSO treatment also causes an increase in intracellular Ca 2÷ levels (Reagan et al., 1990) and an activation of membranebound tyrosine kinase activity (Rubin and Earp, 1983; Srivastava, 1984; Barnekow and Gessler, 1986) . These responses may well contribute to the induction of differentiation by DMSO. First, a rise in intracellular Ca 2+ stimulates neuroblastoma cell differentiation (Reboulleau, 1985) . Second, activation of the receptors for neurotrophins and fibroblast growth factors results in enhanced tyrosine kinase activity (reviewed by Marshall, 1995) . In response to sustained activation of these kinases, PC12 pheochromocytoma cells undergo neuronal differentiation (Marshall, 1995) . Since the signal transduction pathways underlying NGF-induced (tyrosine kinase-dependent) and cAMP-induced differentiation function independently (Szeberenyi et al., 1990) , DMSO may induce differentiation by activating distinct signalling pathways. The cAMP-dependent pathway may lead to activation of p27 KIP1, whereas the tyrosine kinase-dependent pathway may generate a signal that is similar to that evoked by N G F or FGF in PC12 cells. Yet another differentiation-inducing signal for neuroblastoma cells including N1E-115 is serum withdrawal, implying that serum contains differentiation-inhibiting signalling molecules (De Laat and Van der Saag, 1982) . However, serum withdrawal also leads to massive neuronal apoptotic cell death (O. Kranenburg, unpublished observation; reviewed by Johnson and Deckwerth, 1993) .
Thus far, all reports describing the regulation of cdk activity during terminal differentiation pathways show that these activities decline (Gaetano et al., 1991; Buchkovic and Ziff, 1994; Kato et al. 1994b; Kiyokawa et al., 1994; Rao et al., 1994; Kiess et al., 1995; Yan and Ziff, 1995) . In summary, we have shown that neuronal differentiation of mouse NIE-115 cells into postmitotic neurons is accompanied by decreased cdk2 and cdk4 activities and loss of pRb phosphorylation. In the absence of an exogenous differentiation signal, suppression of cdk activities by p27 ~tm overproduction or overproduction of pRb is sufficient to trigger neuronal differentiation. Thus, loss of cdkactivity and loss of pRb phosphorylation is not only essential but is also sufficient for the induction of neuronal differentiation.
